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SUMMARY 


The models had aspect- ratio-2 diamond HoHo „ 
the leading edges swept h 5 .00°, 5 9.ob“ ^ TO 82 ° “T '' ingS 
sections we re computed by varying the tti t f The «hg 

radii (blending process) to Sch “e pre cttSfref £&£ £12* ^ • 
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The ef-fect „e - D °5 tased on the mean aerodynamic chord of the wings 
supersonic spelXT” 8 nu ” ber was a * p °th subsonic and 

speedf ((Sr* T?, 1 ™? TSt tQ the ° ther plan forms at transonic 
o P , ^ /NJ max 11.00 to 9 » 52 ) because of its higher lift-curve sln-ne 
and. near optimum wave drag due to the blending process. For the ,ri„ P 
ickness tested with the diamond model, the marked body and wing contour 

less volume was superior to the other plan fonts at Mach numbers ot i% to 
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Linear supersonic theory was satisfactory for predicting the 
aerodynamic trSds at Mach numbers from 1.35 to 3.50 of lift-curve dope 
wfiSS drag due to lift, aerodynamic-center location, and maximum lift- 

drag ratios for each of the models. 


INTRODUCTION 


This report is a continuation of the investigation of a blended 

Sr ! i “SSrilir^ileS“ aS^icallv th Purest , 

tigatiM°^s P to n ill^trate d wlth°experiment^ , !md P theory the^effect^of wing 
plan-form variation on the _ aerodynamic performance characteristics of 
blended wing-body combinations. 

The diamond model was designed with a body, wing sections, and^rea 
distribution which resulted in 

?ri e 20 1-0 ^“nte?est C ing feature of the diamond-wing design was that the 
coated — wihg stations were inder ted Similar ana ysis o ar ow 
„ n ,i rjpita plan forms with the same over-£ll model area disrriDueiui 

diamond model ^llclTaZ'Z wttt-S^ c^e/ficStt with 

included in appendix Sve!dSg 

dl S sa^^efSstabution tor all the models would permit 

sr - 

leading edges of the diamond, delta, and arrow wings were swept 4 5 .00 , 

59. 0*+°, and. 70 . 8 * 2 ° ? respectively. 

Experiments were conducted at Mach numbers from 0.20 through 3^0 at 
ReynolS numbers based on the mean aerodynamic chord of roughly 4,000 0C0 
to^Q 000,000. Also tested at Mach numbers from 0.60 to 2 35 was a bodj 
with the s^ area distribution as the design area distribution for the 
Snr-body ^mbinations. The wave drag cf the body alone served as a 
reference or a reasonable goal for the ving-body combinations. As a check 
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on . the eiqperimental results, "theoretical predictions were made of the 
friction drag, zero-lift wave drag, drag due to lift, lift-curve slope, 
maximum lift-drag ratio, and aerodynamic- center position of the models 
with wings . 

A limited investigation of the effect of sweep on transition of the 
boundary layer from laminar to turbulent flow was conducted with the sub- 
limation technique to insure that transition was fixed on each model. A 
delta model was tested at Mach number 3*00 and a Reynolds number per foot 
of 2,000,000, with four different sizes of grit used as a distributed 
roughness to fix the boundary- layer transition. The tests of the differs it 
sizes of grit were made to evaluate the magnitude of the drag penalty of 
the grit itself above the drag change caused by fixing transition. These 
results are discussed in appendix B. 


NOTATION 


A 

A bb 

A wb 


% 


A n 


b 

2 

C 


D 



CDo 

% 

C L 


aspect ratio 
body base area 

wing base area projected on a plane perpendicular to the conven- 
tional x axis 

area distribution of the approximate Newtonian spindle shape (see 
fig. 20) 

coefficients determining the magnitude of the harmonics of a 
Fourier sine series 

semi span 

drag coefficient 

(All aerodynamic coefficients are based on the total wing area.) 


slope of the curve of drag coefficient due to lift versus lift 
coefficient squared, taken at the lift-coefficient data point 


nearest to that for 



zero-lift drag coefficient 

wing or body base drag coefficient 

lift coefficient 



lift-curve slope, per deg 

pitching-moment coefficient about body station 3^-50 inches, 
measured from the body nose, except that when noted the body 
station was selected to produce 10-percent static margin at 
M = 0.60 

wing root chord measured along model center line 
mean aerodynamic chord of the wings 

average height of transition grit based on at least 100 samples 


maximum lift -drag ratio 


model length 
Mach number 

total number of harmonics used to compute AC Do or to define an 
area distribution 

specific term or harmonic used to define an area distribution 

Reynolds number 

body radius 

body maximum radius 

body base radius 

cross-sectional area 

total wing area 

wing s emit hi ckne s s 

coordinate and body station , measured from model nose 
coordinate measured in a spanwise direction 

aerodynamic -center location whei’e x^ is the station measured 
from leading edge of wing center- line chord 


volume 
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volume relative to a Sears-Haack body with minimum wave 
given volume and length 


drag for 


a angle of attack 

3 -JM 2 - 1 


AC D 0 
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A LE 


zero-lift wave-drag coefficient 


roll angle of 
between the 
with the yz 


a cutting plane tangent to a Mach cone as measured 
z axis and the intersection of the cutting plane 
plane 


angle of wing leading- edge sweep 


q> 


transformation of the length 


x 


to radians , cos -1 



MODELS AND TESTS 


. ^ geometric details of the M = 1.00 equivalent body and the three 

^ ng_b ° d ^. COm ^ natlons are Presented in figures 1 and 2 and in tables I 
through IV. The delta model was also tested without a rearward body bump 
own -in igure l(c) and in table I, which lists the radii of the body 
components of each model. The design area distribution derived in ref- 
erence ! is presented in figure 3, along with the modified area 
distribution for the delta model without the body bump. 

The wing coordinates are listed in tables II through IV for the three 
p an iorms. The wing thickness distributions are illustrated in figure 2 
and were computed as described in reference 1. The wing thickness in each 

liT X h- straight-line elements perpendicular to the model center 

line which form triangular spanwise sections as shown in figure 2. Note 
that the rear portion of the arrow wing was designed with a blunt trailing 
edge, as suggested in reference 2, to avoid wing sections with large rear- 
ward slopes. For wing sections perpendicular to the body center line 
similar to the one shown in figure 2(c) , the trailing-edge thicknesses of 
the arrow wing were half the ridge thicknesses, except near the body 
juncture, as shown in table IV. The wing sections had an average value of 
maximum thickness of about 4 percent of the local chords in a streamwise 
direction with greater thickness ratios inboard. 

The models were tested at the Ames Research Center in the 12-foot 
subsonic pressurized wind tunnel, the 14-foot transonic wind tunnel and 
m the 9 by 7-foot and the b- by 7-foot supersonic test sections of the 
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Unitary Plan wind tunnel. Photographs of the models are presented in 
figures 4(a) through 4(d) . The ranges of the test variables m each 
facility are shown in the following table: 


Tunnel 

throat 

Models 

(1) 

M 

R/ft 

12 -foot 

O A A 

0.20 

3,000,060 

12 -foot 

<6 A A 

0.20 

6,000,000 

12 -foot 

O A A 

0.50 

3,000,000 

it- foot 

O A A A B 

0.60 to 0.80 

3,500,000 

to 

4,000,000 

l4-foot 

OAAAb 

0.30 to 1.20 

4,000,000 

9- by 7-f’°°i 

O A A B 

1.55 

4,000,000 

9- ~by 

8- by 7 -foot 
8- by "[-toot 

O A A B 

g 

1.55 to 2.35 
2.50 to 3.00 1 
3.00 to 3-50 

3.000. 000 

4. 000. 000 

3.000. 000 

3- by 7- foot 

A A 

3-00 

3,000,000 

8- by 7-fb°"k 

A A 

2.50 to 3.50 

2,000,00c 

8- by 7 -foot 

A 

3-00 

2,000,00c 

8- by 7- foot 

O A A 

3.50 

2,000,00c 


a, 

deg 


-4 to 26 
-4 to 26 
-4 to lS 
-2 to 11 


to 3 
to 6 
to 12 
to 12 


-2 
-3 
-2 
-2 

-2 to 12 
-3 to 13 
-3 to 
-1 to 

0 


15 

15 


Transition 


Free 


Fixed, O-OHO-inch grit 


M = 1.00 equivalent body 
<0 Diamond model 
A Delta model 
^ Delta model without bump 
A Arrow model 


Free and fixed with 4 
sizes of grit 
One wing panel free 
and the other panels 
fixed with different 
sizes of grit 


Three- component aerodynamic forces ard moments were measured and 
corrected by standard procedures. For the model sizes and shapes, e 
force corrections for blockage and buoyancy were generally believed to 
be negligible. Wall interference corrections were required for the angle- 
of-attack and drag data obtained in the subsonic wind tunnel, and these 
corrections were based on the theory of reference 3- At all Mach numbers, 
the drag coefficients were adjusted by seiting the body base pressure 
equal to free-stream static pressure. All aerodynamic coefficients were 
based on the complete plan-form area of the wings of 800 square inches. 

The pitching-moment coefficients were computed about a longitudinal center 
34.50 inches rearward from the nose of each model. This position was 
selected for approximately neutral longitudinal stability at moderately 
supersonic speeds . 
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Transition was fixed near the nose of the bodies and near the leading 
edge of the wings with distributed roughness composed of grit with an 
average height of about O.OkO inch. The grit was located 1.13 inches 
rearward of the wing leading edges (upper and lower surfaces) and of the 
body nose in a streamwise direction so that a laminar-flow area of only 
5 percent of the wing area was allowed. A grit location farther rearward 
could have been used at the higher supersonic Mach numbers; however , 
natural transition would have occurred ahead of the grit location at 
transonic speeds. The selection of the grit size was based on tests of 
the diamond wing reported in reference 1. The diamond wing with the 
least sweep was considered to be the most difficult to fix transition on, 
so the same grit is certainly larger than necessary for the other plan 
forms. Subsequent to the tests with the diamond model, the 8- by 7-foot 
test section was limited to lower Reynolds numbers; so additional tests, 
reported in appendix B, were made to check the performance of the grit in 
fixing transition on each wing and to determine the drag penalty 
attributable to the grit. 


RESULTS 


The basic test data are presented in figures 5 through 10. Notice 
that the data from the subsonic wind tunnel are plotted to a coarser scale 
than the rest of the data because of the greater angle -of -attack range. 

For this reason, and in order to illustrate the slight effects of doubling 
the Reynolds number, the data obtained on the three basic models having 
different plan forms at M = 0.20 are listed in table V. The delta model 
was tested at transonic speeds both with and without the rearward bump on 
the body; however, only the basic data for the delta model as designed for 
M = 1.00 (with the body bung)) are presented at transonic speeds (fig. 6) . 
At supersonic speeds the delta model was tested only without the bump as 
indicated by the results in figures 7 and 8. A comparison at transonic 
speeds between the delta models with and without the bung) will be briefly 
discussed relative to cross plots of the data and will be considered in 
more detail in appendix A. At supersonic speeds the effect of Reynolds 
number is illustrated only for the delta model without bump and the arrow 
model (figs. 7(d) and 7(e) at M = 1.55 and figs. 8(d) and 8(e) at 
M = 3*00) , because the Reynolds number effects on the diamond model data 
have been reported in reference 1. The M = 1.00 equivalent body was 
tested over a small angle-of-attack range to clearly define the zero-lift 
drag coefficients which are presented in figure 9. 

Figure 10 shows how the wing-base-pressure coefficients for the arrow 
model varied with spanwise position and Mach number. Body-base pressures 
were measured for each model and were used to correct the drag data. The 
body-pressure coefficients shown in figure 10 for the arrow model are 
representative of the values obtained for each model. 



Cross plots of the various aerodynamic parameters with Mach number 
will be presented when discussed in the fo] lowing sections of the report. 
Figure 11 is presented in order to summari 2 e the differences in test 
Reynolds numbers with Mach number. Note ttat for Mach numbers above 2.50 
the diamond model was generally tested at higher Reynolds numbers than 
the other models; however, the effects of this Reynolds number difference 
were not very large, as may be seen in figures 8(d) and 8(e) . 


DISCUSSION 


In general, the discussion will make comparisons between the 
experimental results for the three models cf different plan form and 
between super sonic linear theory and experiment for each plan form. The 
delta model without the rearward body bump is used for the comparisons 
between plan forms, because the body bump required for the sonic design 
was too blunt to be treated by linear theory at supersonic speeds. This 
problem is discussed more fully in appendix A, which contains an evalua- 
tion of the transonic zero-lift wave drag relative to the design concepts. 
Except for the subsonic data from M - 0.2C to M = 0.50, the results dis- 
cussed are for transition fixed and have net been corrected for the drag 
penalty which can be attributed to the grii . Appendix B presents an 
analysis of theoretical and experimental rc suits of the effect of the grit 
used to fix transition, at M = 3*00. The analysis indicated a grit 
penalty in Cp Q of 0.0003 separate from ard above the effect of fixing 
transition. The wave drag due to the grit appeared to be negligible. 

The following discussion has two main divisions: the first part is 
an analysis of the zero-lift wave and base drags, and the second is an 
analysis of the other basic aerodynamic trends with Mach number. The 
arrow-model data contain the wing base drag. 


Zero-Lift Wave and Base Drags 


The zero-lift wave-drag coefficients for the three wing plan forms 
and the M = 1.00 equivalent body at Mach 1 .umbers from 0.60 to 3*50 are 
presented in figure 12. The theoretical wave-drag coefficients were com- 
puted with the procedures of reference h } End ^9 harmonics were used to 
define the derivative of the model area distributions. The variation of 
the body area distribution with Mach number, used in the theoretical com- 
putations, was based on method 1 described in reference 1. 

The experimental zero-lift wave-drag coefficients (fig. 12(b)) were 
determined from the basic data by removing the friction-drag coefficients. 
The friction-drag coefficients were assumec. to be equal to the zero-lift 
drag coefficient at M = 0.60 and were adjusted at each Mach number to 
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J 3 count for the variation with Mach number of the friction-drag coefficient 
xor X ully turbulent flow over a smooth surface. This procedure was dis- 
cussed and justified in reference 1. For the test models, the small 
regions of laminar flow and of turbulent flow over a rough surface had 
small and compensating effects relative to the variation in friction-drag 
coefficient with Mach number. The friction-drag coefficients used to 
determine the wave-drag coefficients were also corrected for variations 
m Reynolds number. The latter correction was not made for the results 
presented in reference 1, because the variations in Reynolds number were 

, a ® gr ®^ t in that case * The experimental results of figure 12(b) showed 
that the diamond model had the lowest wave-drag coefficient at transonic 
speeds with values which matched the M = 1.00 equivalent body data: the 

diamond model had higher wave drag than the other models at Mach numbers 
above 1.7* 


The comparison between theory and experiment can be more clearly 
demonstrated by considering each model separately (see fig. 13) . For the 
simple body , the ^-9™ harmonic solution is larger than the experimental 
results at supersonic speeds, although the variation with Mach number is 
similar. The diamond model data (fig. 13(b)) have been discussed previ- 
ous y in reference 1 and are repeated here with the slight Reynolds number 
correction used for all the data presented in this report. The reduction 
in wave-drag coefficient shown for the computation identified as method 2 
(discussed in ref. l) would be less for the smoother body of the arrow 
model and almost negligible for the delta model without bump. In general 
the experimental wave-drag coefficients for the three plan forms investi- 
gated are lower than the theoretical wave-drag coefficients near sonic 
wing-edge conditions. The one exception is for the delta model, which 
a agreement between theory and experiment at sonic leading-edge 

conditions. Note in this case that the theory did not indicate a wave- 
drag peak at sonic leading-edge conditions, and thus this better agreement 
etween theory and experiment for the delta model is reasonable. As was 
discussed in reference 1, the higher wave-drag coefficients for the diamond 
model at the higher Mach numbers are a result of the marked body and wing 
contouring required for transonic conditions. 


The experimental wave-drag coefficients shown for the arrow model in 
figure 13(d) include the wing base-drag coefficient. The agreement between 
theory and experiment shoun at the intermediate supersonic Mach numbers 
would be poorer if the variation with Mach number of wing base drag were 
introduced. The theory used to compute the wave-drag coefficients does 
not include viscous effects. The zero-lift base-drag coefficients for the 
wing and body bases of the arrow model, as determined by experiment and 
empirical predictions based on reference 5 } are presented in figure l4. 

The body base-drag coefficients include an effect of the sting, so the 
comparison made with the analysis of reference 5 is only qualitative. The 
body base-drag. coefficients are representative of the values for the other 
models. The wing base-drag coefficients of the arrow model, based on the 
wing plan-form area, decreased from a peak value of 0.0029 at Mach number 
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l.y) to 0.0003 at Mach number 3*50* The twc -dimensional analysis of 
reference 5 did not represent the three-dimensional results at transonic 
speeds, but could be used to obtain slightly conservative predictions for 
Mach numbers above 1.60. The individual pressure measurements at different 
locations on the wing base varied as shown ly the basic pressure coeffi- 
cients in figure 10. The greatest differences in wing-base pressure 
coefficients occurred where these coefficients were the greatest , that is, 
from Mach numbers 1.55 to 2.35 • 


Aerodynamic Trends With Much Number 


Summary plots of experimental values o’ maximum lift-drag ratio, 
lift-curve slope, drag due to lift, and aerodynamic -center location are 
presented in figure 15 for the three models of different plan form. It 
should be noted that the delta model wit hou; the rearward body bump , used 
for the comparison between plan forms at supersonic speeds, had about 10- 
percent less volume than the other models. The model with the greatest 
maximum lift-drag ratio or the greatest lifb-curve slope generally was 
the one with the lowest zero-lift wave-drag coefficients. At^transonic 
speeds the diamond model was superior ((L/D)max = 11.00 to 9-52); at the 
intermediate supersonic Mach numbers the delta model without bump was 
superior ((L/dW = 8-65 to 7-24); at Mach numbers from 2 .50 to 3-50 the 
difference between models was not very great and the delta model withou 
bump and the arrow model were equally good ((L/D) m ax " b *85 to 6.39). 

With an increase in Reynolds number, the maximum lift-drag ratios would 
be increased, as may be determined from the example plots presented in 
figures 7(d) and 7(e) . For instance, in figure 7(d) , which shows the 
least effect, the increase in Reynolds number per foot. from 3,000,000. to 
4 000 000, for the delta model without bump, resulted in an increase in 
(L/D) ma x from 8.65 to 8.86 (M = 1.55). Tie effect of zero-lift .drag on 
the maximum lift-drag ratio is as importani as the drag due to lift and 
should be kept in mind when one compares tie data presented in figures 151 a) 
and 15(c). For Mach numbers from 2.50 to 2.50, the arrow model, relative 
to the delta model without bump, clearly has the lower values of drag. due 
to lift. However, at M = 3. 50 an increase in zero-lift drag coefficient, 
from 0.0075 for the delta model without burp to 0.0082 for the arrow model, 
was enough to cancel a possible benefit in maximum lift-drag ratio due to 
a decrease in C Di /C L 2 from O.813 to 0.72* . Less than half of the above 
increase in zero-lift drag coefficient of 0.0007 (that is, 0.0003) could, 
be attributed to the arrow wing-base drag, but the remaining difference is 
small relative to possible cumulative experimental errors. These data 
indicate that the effects of the plan-form variation considered are small 
at Mach numbers above 2.50, and that the model with the lowest zero-lif 
drag coefficients would probably have the .lighest values of maximum liit- 
drag ratio. The zero-lift wave drag of each of the test models could be 
improved if specifically designed for the higher supersonic Mach numbers; 
however, the greatest potential improvement exists for the model with the 
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diamond, wing which structurally could be made thinner than the other plan 
forms. With transition free, the wing with the least sweep would also have 
potentially the greatest amount of laminar flow, as shown in appendix B, 
and thus lower friction drag. 

The variation in aerodynamic -center location with Mach number, as 
shown in figure 15 (d), occurred primarily at transonic speeds, was not 
unduly large for any of the models, and was greatest for the diamond model. 

The utility of supersonic linear theory in predicting the trends in 
the aerodynamic parameters is demonstrated in figures 1 6 and 17 for the 
delta model without bump and the arrow model, respectively. Theoretical 
comparisons with experimental results were presented and discussed in 
reference 1 for the diamond model and will not be repeated here. The 
theoretical results presented in figures l6 and 17 were computed in the 
same manner as in reference 1, and, except for the friction and wave 
drags required in computing the maximum lift-drag ratios, the theoretical 
results were computed from equations available in reference 6 or 7. The 
theory used assumed no wing leading-edge suction and no arrow-wing base 
drag. Theoretical estimates of wing leading-edge thrust are considered 
in later figures. The agreement shown in figures lo and 17 between 
theory and experiment and between test facilities was considered to be 
satisfactory, because the differences shown are generally of the same 
order of magnitude as the slight nonlinearities in the basic data. For 
instance, the large difference in the trend of the lift-curve slopes for 
the arrow model (fig. 17(b)) between the highest transonic data and the 
M = 1*55 data obtained in the 9 - by 7-foot test section occurred near 
zero lift where the slopes were measured. At angles of attack of 2° or 
3° the lift-curve slopes for the arrow model are about the same at 
transonic speeds as at M = 1.55* As was the case in reference 1, the 
experimental lift -curve slopes obtained in the 9- by 7-foot test section 
were consistently higher than those of the theory. 

Some wing leading-edge thrust is indicated in figures 16(c) and 17(c), 
because the experimental values of Cp.j/Cp 2 are lower than the theoretical 
values based on no -leading- edge thrust. However, only a small amount of 
the theoretically possible leading-edge thrust was obtained for the arrow 
model. Figure 18 presents the theoretical values of the drag-due-to-lift 
parameter, Cp^/Dp 2 , with and without leading- edge thrust, as a function of 

P, for flat-plate wings of the three plan forms investigated. From super- 
sonic theory alone and assuming almost full leading-edge thrust, one might 
conclude that the arrow model would be superior at all Mach numbers and 
C Di/ c L 2 w ' ou l < i approach the minimum vortex drag due to lift or a value of 

l/itA at P = 0 (or M = 1.00) , as plotted in figure 18. The linearized 
theory used for computing the leading-edge thrust was developed in refer- 
ence 6, which states that no entirely satisfactory theory for this effect 
has been developed. Thus, if one assumes little leading-edge thrust, the 
arrow model would only be superior at the highest Mach numbers and there 
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only slightly superior. The experimental risults (fig. 19) indicated 
that there was little leading-edge thrust. Although the arrow model had 
some leading-edge thrust at the lower value 5 of P , it had a drag-due-to- 
lift parameter as high as or higher than thit for the other models at 
values of p lower than 2.0. 


CONCLUDING REMARKS 


The following statements apply to blenied wing-body combinations as 
tested with transition fixed by distributed roughness. 


The diamond model was superior to the other plan forms at transonic 
speeds ((l/D) max = 11.00 to 9.52) because of its higher lift-curve . slope 
and near optimum wave drag due to the blending process. For the wing 
thickness tested with the diamond model, the marked body and wing contour- 
ing required for transonic conditions resulted m a large wave— drag penalty 
at the higher supersonic Mach numbers where the leading and trailing edges 
of the wing were supersonic. Possible advantages in supersonic zero-lift 
drag are significant for the diamond model, because its structural rigidity 
vill permit a thinner wing section and its low relative sweep is favorable 
to laminar boundary- layer flow. 

The delta model was less adaptable to the blending process because of 
the low sweep of the trailing edge. Removing a body bump, prescribed by 
the Mach number 1.00 design, resulted in a good supersonic design. The 
10 -percent less body volume made it supericr to the other plan forms at 
Mach numbers of 1.55 to 2.35 ((L/D) max = 8.65 to 7-24). This delta^model 
and the arrow model were equally good at Mech numbers of 2.50 to 3.50 

((L/D) max ~ 6 - 8 5 to 6.39) . 

At transonic speeds the arrow model we s inferior because of the 
reduced lift-curve slope associated with it s increased sweep and also 
because of the wing base drag. The wing base -drag coefficients of the 
arrow model, based on the wing plan- form aiea, decreased from a peak value 
of 0.0029 at Mach number 1.55 to 0.0003 at Mach number 3.50. 

Linear supersonic theory was satisfactory for predicting the 
aerodynamic trends at Mach numbers from 1.^5 to 3.50 of lift-curve slope, 
wave drag, drag due to lift, aerodynamic -cs nter location, and maximum 
lift-drag ratios. 

There was no apparent sweep effect on the wave drag of the sharp- 
leading-edged wings at Mach number 1.00. 

Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif., March 23 , i 960 
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APPENDIX A 

EVALUATION OF TRANSONIC DATA RELATIVE TO SONIC DESIGN 


The design area curve (fig. 3) was selected primarily for the diamond 
plan form as discussed in reference 1 (to seek a low wave drag at M = 1.00 
which was consistent with a decreasing supersonic wave-drag coefficient) 

This design curve is a modification (N = 25 fit of the derivative) of the 
peak- shaped area curve presented in the upper left-hand corner of figure 20. 
Of the area curves considered in the preliminary analysis (fig. 20) this 
peak type of area curve was also best for the delta plan form at transonic 
speeds (0 cos Q = 0 to O.6633) and almost best for the arrow plan form as 
shown in table VI. In any case, it was decided to use the same area curve 
for each plan form so that a direct comparison could be made of the effect 
of sweep on zero-lift wave drag at Mach number 1.00. 

.Data points of transonic zero-lift wave-drag coefficients are plotted 
in figure 21 to show clearly how well the diamond and arrow models matched 
the equivalent body at Mach number near one. Therefore, there is no appar- 
ent sweep effect on the wave drag of sharp- leading- edged wings at Mach 
number one. 

.The higher wave drag of the delta model at Mach number 1.00 was not 
predicted by theory, because all models had Identical cross-sectional 
area distributions. This model illustrates that an area distribution made 
up. of a wing and a body which individually have large slopes in area dis- 
tribution can result in wave drag greater than that for the equivalent 
body. For the delta-type wing the problem is primarily confined to tran- 
sonic speeds and is a result of the low sweep of the wing trailing edge. 

The sonic design contour for the body of this delta model resulted in a 
large body bump which caused an increased thickening of the boundary layer, 
as indicated by the surface flow lines in figure 22. The fluorescent-oil 
film. method used for the surface flow study is described in reference 9. 

'Mie increased boundary-layer thickness would result In an effective 
increase in the bump size over that prescribed by the design and thus in 
higher wave drag. Removing the entire bump, as indicated by the body 
radii of table I, resulted in an increase in the drag coefficients near 
Mach number 1.00, as shown in figure 23, and a reduction in wave-drag 
coefficient for Mach number 1.20. 

Tne theoretical zero-lift wave-drag coefficients of the various winged 
models at transonic speeds are compared with e:xperimental results In fig- 
ure 24. The predictions for the diamond and arrow models are very good 
for 2p hamonics as well as for 49. The previously discussed problems 
with the delta model affected the theoretical results as well. The delta 
model,. with the body bump of sonic design, obviously violated the slender- 
ness limitations for the theory, as indicated by the poor wave-drag 
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coefficient predictions. Without the bump, the low sweep of the trailing 
edge of the delta wing is responsible for uhe high wave drag and poor 
predictions at Mach number 1.00. Also note that the use of the higher 
number of harmonics for both of the delta models generally results in 
poorer agreement with experiment. The predictions for the delta model 
without the bump were satisfactory for Mach numbers above 1.20, as shown 
previously in figure 13 (c) . 

The inferior aerodynamic characteristics of the arrow model at. 
transonic speeds were analyzed to insure that the reductions in maximum 
lift-drag ratio were primarily due to the increased sweep (reduction in 
lift-curve slope) and not due to the wing oase drag or to separated flow. 
The effect of the wing base drag on the maximum lift-drag ratios at tran- 
sonic speeds was not large relative to the differences between models, as 
shown in figure 25. The possibility that the arrow wing had separated 
flow was investigated with the fluorescent -oil technique. of reference 9« 

At low lift coefficients representative of the maximum lift-drag ratios 
there were no visible regions of separated flow, and the surface flow was 
uniform in a streamwise direction. At angles of attack greater than 4 
there was a faint indication of a leading- edge vortex and a small 
separated- flow region near the trailing ecge of the arrow wing. The small 
separated-f low region increased with angle of attack to that shown in 
figure 2 6 for 11° (M = 0.70) . The separaf ed region may be identified by 
the accumulation of oil which appears as a short curved line near the wing 
trailing edge. 
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APPENDIX B 

DRAG DUE TO THE GRIT USED TO FIX TRANSITION 


Lift and drag coefficients for the delta model without bump, with 
transition free and fixed at Mach number 3.00 and a Reynolds number per 
foot of 2,000,000, are presented in figure 27. Runs with transition fixed 
on the wing and body were made with four sizes of grit with average heights, 
in inches, of 0.016, 0.0^0, 0.062, and O.089. The grit was located, as for 
the basic investigation, 1.13 inches rearward of the wing leading edges 
(upper and lower surfaces) and of the body nose in a streamwise direction. 
The drag due to lift for the transition-free run (figure 27) was greater 
than the theoretical value of + Cp tan a, and corresponding values of 

drag due to lift with transition fixed. This result was probably due to a 
forward movement of natural transition (primarily noted on the lower sur- 
face from sublimation pictures taken at (L/D) ma .x) 'with an increase in angle 
of attack. At lift coefficients above 0.30 the reason for the drag 
coefficients of the model with the 0.0^1-0-inch grit being lower than those 
for the transition-free model is not known; however, for the one run with 
the 0.040-inch grit, the model mounting holes were filled a little more 
smoothly (painted and sanded condition as used for the results presented 
in the body of the report) . For the other runs presented in figure 27 
the holes were filled with wax. 

The 0.0l6-inch grit did not quite fix transition at M = 3 . 00 and 
definitely did not fix transition at M = 3-50, as shown in figure 28 
(R/ft = 2,000,000) . Otherwise the larger grit (o.cA-0 in. or greater) 

-L ixcd transition at the grit for all test Mach numbers and Reynolds num- 
bers. Figure 28 also shows that there was a decrease in the length of the 
laminar boundary- layer flow with increase in wing leading-edge sweep. For 
each wing the white lines are spaced three inches apart in a streamwise 
direction. The most forward line shown in most of the photographs is where 
the grit was located 1.13 inches from the wing leading edge in a streamwise 
direction. 

The zero-lift data of figure 27 are plotted in figure 29 to show the 
effect of grit size on the zero-lift drag coefficients of the delta model 
without bunqp, as determined by experiment and theory (M = 3-00, 

R/ft = 2,000,000) . The theoretical friction-drag coefficients were com- 
puted by procedures discussed in reference 1. The average length of the 
laminar-flow region, used for the transition-free theoretical point, was 
estimated from photographs of sublimation material to be 6 inches, or 
somewhat less than the higher Mach number pattern shown, in figure 28. 

The theoretical effect of fixing transition was computed at zero grit 
size as the change from partially laminar flow over a smooth surface to 
completely turbulent flow (rearward of the 1.13-in. station). The lack of 
agreement between the theoretical and experimental drag coefficients shown 
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in figure 29 for zero grit size may be attributed to errors in the 
theoretical wave drag; however , the experimental model may not have been 
theoretically smooth. The important feature of figure 29 is that the 
experimental increase in zero-lift drag witi increasing grit size was 
predicted by a theory (M = 0) which did not include the possibility of 
wave drag attributable to the grit. Thus, the wave drag of the grit was 
apparently negligible. The theoretical slope of figure 29 (which involves 
the average grit size squared) was extrapolated through the experimental 
data points to zero grit size, which would give an indication of the 
experimental zero-lift drag coefficient with transition fixed but without 
grit. With this point as a reference, the drag coefficient penalty of the 
0.040-inch grit was 0.0003. Thus, the drag coefficients presented in this 
report are high by an amount of at least 0.3003 (the theoretical penalty 
of the 0.0^0- inch grit was 0.0010) because of the grit used to fix 
transition. 
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TABLE I.- COORDINATES FOR BODIES, INCHES 


M “ 1.00 

equivalent body 


Delta model 
with bmgp 


Same as 
delta model 
with rear- 
ward body 


'MOO .9Cj 
8.250 -976 
9.000 1.048 


11 .250 1.238 

12.00C 1.298 

12.750 1.383 


1-8. OCC l.Yb2 
19.000 1.823 


15.000 

16.000 

16.800 

von Kdrcodn 
10.400 ogive (a) 
19.200 I 


' 1.6 

Blended 1.8 

body 1.8 

[ 1-7 


2t.0CC ' 

2b.400 von Kdmuin 1., 
2d. OX' ogive ( 2 ) 1.: 
29.O00 1 l. ; 



42.033 1 

U3.03C Blended 



54. LX 

1.625 

54. 'jQC Fil 

let 1.637 

55 .300 

I. 65 I 

56. 300 

1.681 

57-300 , 

1.711 

57. jOO 

1.72b 


57.900 

1.709 

58.200 

1.692 

58 . too 

I.677 

58 . noo 

1.6iii» 

59 . 100 

1.649 

59 . 4oO 

1.037 

59.700 

1.629 

6C. OOC 

1.625 

L Same a 

3 M = 

Tart 0 

a von 


4.X0 von Kdrmdn -371 
4. •"■00 ogive {2) .424 


5.600 

•474 

6' • 4CC 

• 622 

7.200 

.56.9 

6. 800 


io.4oo 

• 739 

12. ox 

.Ml 

13 .Coo 

• ■ ; 90 

15.200 

.960 

16.800 

1.026 

18.400 

3 .089 

19.200 

1.119 

20.000 

1.149 

20.6.X 

1.17*- 

21.600 

1 . 20n 

23.200 

1.2RC 

24. ."X 

loll 

2L.400 

1.36 c 

OrJ.' ‘ . OX 

1.405 

29 . 6C0 

1.447 

31. 8X 

l.V;',' 

32.600 

1.5 It: 

33*600 

l.',o5 


■') .000 Blended 1 • 6-2i 
7.CCO body 1.66( 


(l = 40 in, and n, l.bOb in.) 



TABLE II.- COORDINATES FOR DIAMOND WING. INCHES 

Semi-thickness, ±t/2 

0 ±2.000 ±4.000 ±6.66 7 ±8.000 ±12.000 ±13031 ±1^.000 ±16.000 ±16.000 ±19.000 


17-500 

I 18.000 
1 18.300 

19.000 

19.500 

20 . 000 
20.300 
21.000 

21.500 


22.000 

1.098 

.610 

.122 









23.000 

1.086 

.691 

.296 









24.000 

1.050 

.727 

.4o4 

24.167=0 








25.000 

.996 

.730 

.465 









25.500 





0 







26.000 

•925 

.707 

.490 

.199 

.054 







27-000 

.858 

.677 

.496 


• 135 







' 28.000 

•799 

.64y 

• 495 

.2^2 

.190 







29.000 

.755 

.624 

.492 


.230 







29.500 





0 






30.000 

.724 

. 6o3 

.492 

.338 

.261 

.029 

30.833=0 





31-000 

.702 

.598 

.494 


.286 

.07f3 





31.500 








0 




32.000 

.685 

.591 

.496 

.370 

•307 

.118 

-055 

.024 




33.000 

.677 

.590 

.502 


.328 

•153 

. 066 




33-500 








0 



34.000 

.670 

.589 

.508 

•399 

•345 1 

.183 

.129 

.102 

.020 



35-000 

35.500 

.661 

.585 ■ 

.510 


.359 

.208 

-132 

-057 

Q 


36.000 

.64o 

071 

• 5C2 

.409 

•363 

.225 

•179 

.156 

.036 j 

.017 


36.500 










37 - 000 

.612 

■549 

.486 


.361 

•235 


•173 

.17B 

.110 

.047 

.016 

37-500 

.594 

•535 

.475 

1 .396 

: -356 

.238 

.198 

. 119 

.059 

.030 

38.OOO 

38.500 

.610 

.547 

• 485 


.360 

•235 


.172 

.109 

• 047 

. 016 
n 

39-000 

39.500 

.631 

.563 

.495 

,4o4 

.358 

.222 

.176 

•153 

.O85 

. 017 
Q 

u 

40 . 000 

.643 

• 569 

.496 


.349 

.202 


.129 

.055 



4l . 000 

.649 

• 570 

.492 

.386 

• 334 

.177 

.124 

.098 

.020 



41.500 








0 



42.000 

.650 

.566 

.482 


• 315 

.147 


.063 




43.000 

.649 

.560 

.470 

•351 

.291 

.112 

.052 

.022 




43.500 







0 




44.000 

.655 

.558 

.461 


.267 

•073 

44.167=0 




45.000 

.667 

.560 

.454 

•311 

.240 

.027 





45 . 500 






0 






46.000 

.683 

.564 

.445 


.208 







47 . 000 

-.710 

•575 

.440 

.259 

.169 







48.000 

.744 

.587 

.431 


-117 







49.000 

.787 

.602 

.417 

.170 

.046 








^ 9-500 

50 . 000 

51.000 

51.500 

52.000 

52.500 

53-000 

53.500 

54.000 

54.500 

55.000 

55.500 

36 . 000 

56.500 
57 - 000 

57.500 


50.833=0 0 



TABLE III.- COORDINATES FOR KCLTA WING, INCHES 
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TABLE IV.- COORDINATES FOR ARROW WING, INCHES 
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TABLE IV. - COORDINATES FOR ARROW WING, INCHES - Concluded 






Semithickness, ±t, 

2 




zun 

\ y 

0 

±2.000 

±4.333 

±6 .667 

±10.000 

± 13-333 

±16 .667 

Ridge 

Trailing edge | 

X 

±t/2 

±y 

±t/2 

±y 

37 *ooo 

0.768 

0.769 

0.668 

0-486 

C.225 



0.770 

3.034 



37-500 

.710 

.725 

.668 

.489 

.233 



-736 

3.448 



38. coo 

rk-'-iii 

. 61+2 

.671+ 

.668 

.492 

.242 

0.000 


-703 

3-862 



38.500 

.576 

.620 

.667 

.495 

.250 

• oo 4 


.671 

4.276 



38.569 



x .667 









39-000 

.508 

.565 

.632 

.499 

.258 

.017 


.642 

4.690 



39 - 5 cc 

. 41+5 

-509 

.584 

• 499 

.264 

.029 


.609 

5.103 



1+0.000 

.387 

.1+58 

.5V) 

.502 

.271 

.040 


.582 

5-517 

0.387 

0 

1+0.500 


• 397 

.493 

.508 

.280 

.052 


.558 

5-931 

-339 

.571 

1+1.000 


.338 

.441 

.508 

.285 

.062 


-530 

6.345 

.300 

1.143 

In. 389 




1 .513 








41-532 


.268 

.366 

.504 

-295 

.074 


.509 

6.765 

.255 

1-750 

41.750 

42.000 


-251 

-350 

.468 

.306 

.085 


.494 

7-172 

.247 

2.286 

1+2.500 



- 3 ll+ 

.432 

.318 

.096 


.478 

7.586 

.239 

2.857 

1+3-000 



-277 

-395 

.329 

.103 


.462 

8:. 000 

.231 

3.429 

1 + 3-791 

1+1+.000 



.218 

-371 

-352 

.131 


.430 

8 .628 

.215 

4.571 

1+5.000 




.247 

-375 

.154 


.398 

9.655 

.199 

5.714 

l+ 5.!+17 





1 .385 







1+5-833 

1+6.000 




.186 

.342 

-177 


.367 

10.483 

.183 

6.857 

1+7.000 
1 + 7 . 918 





.268 

.200 

0.000 

-335 

11.310 

.167 

8.000 

1+6.000 





.194 

.223 

.002 

- 3 C 3 

12.133 

.151 

9-143 

VS. 750 





-139 






10.286 

1 + 9.000 



. 1 



.247 

.025 

.271 

12.966 

.136 

1 + 9 . 1 + 1 + 1 + 



1 



1 -257 






50.000 






.216 

. 048 

-239 

13-793 

.120 ; 

11.429 

51.000 






-143 

.071 

-207 

14.621 

.104 

12.571 

51.667 

52.000 


1 




-093 

.094 

.175 

15.443 

.088 

13-714 

53 -oco 







-117 

-143 

16.276 

.072 

14.857 

53 . 1+73 







i-ia’i 



.056 

16.000 

54.000 







.090 

.112 

17.103 

51+ , 584 
55-000 







.046 

.080 

17.931 

.040 

17-143 

55 - 5 CO 








.064 

18.345 

.032 

17.714 

56.000 








.048 

18.759 

.024 

18 . 286 

56.500 








.032 

19.172 

.016 

18.857 

57-ooo 








.016 

19.586 , 

.003 

19.429 

57-500 








.000 

20.000 | 

.00c 

20.000 


1 Ridge 
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TABLE V.- EFFECT OF DOUBLING THE REYNOLDS NUMBER AT M = 0.20 ON THE 
AERODYNAMIC CHARACTERISTICS OF THE THREE MODELS HAVING DIFFERENT 
PLAN FORMS (TRANSITION FREE) 


(a) Diamond Model 


a 

C L 

C D 

c 

ra 

L/D I 

R/ftXlO" 6 

3.0 

6.0 

3.0 

6.0 

1 3.0 

6.0 

3*0 

6.0 

0 

-0.004 

0.002 

0.0059 

0.0064 

-0.0008 

0 



-4.o4 

-.156 

-.164 

.0172 

.0154 

-.0229 

1 

0 

10 

4r- 

ro 



-2.03 

-•073 

-.082 

.0090 

.0081 

-.0113 

-.0120 



0 

.001 

.003 

.0063 

.0063 

.0001 

0 

0.16 

0.48 

2.03 

.083 

.085 

.0091 

.OO87 

.0119 

.0119 

9.12 

9 ‘77 

4.04 

— 

.167 

— 

‘0155 

— 

.0244 



IO.77 

4.o6 

.167 

— 

.0161 

— 

.0245 

— 

10.37 


6.09 

.248 

.251 

.0282 

.0282 

‘0377 

.0383 

8.79 

8.90 

8.12 

.330 

• 337 

,046i 

.0469 

.0510 

.0517 

7.16 

7.19 

10.15 

.413 

.422 

.0702 

.0719 

.0617 

.0630 

5.88 

5.87 

12.18 

.496 

— 

.1011 

— 

‘0703 

— 

4.91 


12.19 

— 

.508 

— 

.1036 



.0717 



4.90 

14,22 

.589 

,598 

.1412 

.1431 

.0772 

.0781 

4.17 

4.18 

16.25 

. 666 

.685 

.1910 

,1905 

.0834 

.0827 

3 *59 

3.60 

18.28 

.756 

.767 

.2428 

.2458 

.0837 

.0837 

3-11 

3.12 

20.31 

.831 

.837 

.3027 

‘3053 

.0642 

.0843 

2.75 

2.74 

22.33 

.885 

.901 

.3604 

.3663 

.0768 

.0821 

2.46 

2.46 

24.34 

.926 

.938 

.4177 

.4226 

.0709 

.0683 

2.22 

2.22 

26.36 

.965 

.971 

.4764 

.4800 

.0644 

.0621 

2.03 

2.02 

(b) Delta Model 



0 

0.005 

-0.003 

0.0075 

O.OO65 

0.0009 

-0.0004 



-4.06 

-.161 

-.168 

.0174 

.0169 

-.0337 

-.0347 



-2.03 

-.079 

-.077 

.0095 

.0091 

-.0163 

-.0152 



0 

.003 

.007 

• 0073 

. 0069 

.0007 

.0012 

o.4i 

1.01 

2.03 

.038 

.092 

.0101 

— 

.0178 

.0185 

8.71 



4.07 

.176 

.177 

.0179 

.0170 

.0367 

•0373 

9.83 

10.41 

6.10 

.272 

.278 

.0327 

*0325 

.0581 

.0587 

8.32 

8.55 

8.14 

. 366 

.376 

.0539 

.0546 

‘0799 

.0811 

6.79 

6.89 

10.17 

.460 

.467 

.0816 

.0825 

.1041 

.1043 

5.62 

5 ‘66 

12.21 

.565 

.566 

.1194 

.1191 

.1278 

.1273 

4*73 

4.75 

14.25 

.602 

.673 

.1627 

.1652 

-1505 

.1515 

4.07 

4.07 

15.26 

— 

.712 



.1869 



. 1606 


3 .81 

16.28 

.761 


.2145 


.1731 


3 ‘55 


18.31 

.849 


.2708 


.1947 


3.14 


20.35 

.9^9 


. 3389 


.2183 


2.80 


22.39 

1.058 


.4203 


.2442 


2.52 


24.4l 

1.128 


.4934 


.2621 


2.29 


26 . 44 

1.199 


•5740 


‘2794 


2.09 


(c) Arrow Model 


0 

0.007 

-0.003 

0.0085 

0.0081 

0.0001 

-0.0002 



-4.05 

-.139 

-.144 

.0192 

.0176 

-.0198 

-.0200 



-2.02 

-.067 

- . 065 

.0111 

.0101 

-.0085 

-.0074 



0 

.006 

.005 

.0085 

.0084 

0 

.0004 

0.71 

0.60 

2.02 

.076 

.076 

.0111 

.0105 

.0086 

.0088 

6.85 

7-24 

4.06 

.156 

.155 

.0190 

.0178 

.0219 

.0218 

8.21 

8.71 

6.09 

.240 

.239 

.0326 

.0318 

.0370 

‘03 72 

7 ‘36 

7*52 

8.12 

.331 

.326 

.0536 

*05 17 

.0567 

.0554 

6.18 

6.31 

10,15 

.417 

.4n 

.0819 

‘0774 

.0784 

.0760 

5.09 

5.31 

12.19 

.507 

.505 

.1130 

.1119 

.1026 

.1011 

4.49 

4.51 

14.22 


.605 

— 

.1546 

— 

.1288 



3*91 

16.26 

.70B 

.706 

.2077 

.2062 

.1600 

.1595 

3‘4l 

3 .42 

18.30 

.Q06 


.2666 


• 1919 


3*02 


20.34 

.914 


• 3379 


.2282 


2.71 


22.37 

1.019 


.4166 


.2637 


2.45 


24.4l 

1.114 


•5007 


.2976 


2.22 


26.44 

1.206 

L 

•5914 1 


.3311 


2.04 





1R0-LIFT WAVE-DRAG COEFFICIENTS FROM THE PRELIMINARY ANALYSIS USED TO 
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Figure 1.- Concluded. 











sign, area distribution as derived in reference 






3 ^ 



(b) Diamond model in the 8- by 7-foot test section 
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(c) Delta model without body bump in the l4-foot transonic test section. 

Figure 4.- Continued. 
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(d.) Arrow model in "the 9- "test section. 

Figure 4.- Concluded. 
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Figure 5 » - Subsonic aerodynamic characteristics with transition free as determined from tests in 

the Ames 12-Foot Pressure Wind Tunnel (R/ft = 3,000,000). 
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Fig-are 6*- Continued 
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Figure 7.- Continued 





Figure 7 .- Continued 
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Figure 7*- Concluded 





Figure 8.- Supersonic aerodynamic characteristics with transition fixed as determined "by tests in 
the 8- by 7-foot test section (R/ft = 2,000,000 for arrow* and delta models and 3*000,000 for the 
diamond model) . 
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Figure 8.- Continued 
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Figure 13.- Concluded 















Figure 15 .- Experimental aerodynamic trends with Mach number for the models of different plan form 

(transition fixed except at M = 0.20 to M = 0.50) - 





Figure 15.- Concluded 
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Figure 1 6 .- Aerodynamic trends with Mach number for the delta models as indicated by experiment 

and theory (transition fixed except at M = 0.20 to 0.50) . 
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Figure 17.- Aerodynamic trends with Mach number for the arrow model as indicated by experiment 
and theory (transition fixed except at M = 0.20 to 0.50) . 






Figure 17.- Concluded 
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Figure 18.- Theoretical values of drag due to lift parameter for flat-plate wings of different 

plan form with and without leading-edge thrust. 
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Figure 22.- Thickened boundary layer near the rear bump of the body of the delta model as indi 

cated by a fluorescent-oil film (M = O.oO, a - 0 ). 
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Figure 26.- Separated- flow region near the trailing edge of the arrov ving as indicated by 

fluorescent-oil film (M = 0.70, og = 11°) * 




= 45.00° A, F = 59.04 







